DJ-1 was recently identified as a gene product responsible for a subset of familial Parkinson's disease (PD). The mechanisms by which mutations in DJ-1 alter its function and account for PD-related pathology remained largely unknown. We show that DJ-1 is processed by caspase-6 and that the caspase-6-derived C-terminal fragment of DJ-1 fully accounts for associated p53-dependent cell death. In line with the above data, we show that a recently described early-onset PD-associated mutation (D149A) renders DJ-1 resistant to caspase-6 proteolysis and abolishes its protective phenotype. Unlike the D149A mutation, the L166P mutation that prevents DJ-1 dimerization does not impair its proteolysis by caspase-6 although it also abolishes DJ-1 antiapoptotic function. Therefore, we show here that DJ-1 loss of function could be due to impaired caspase-6 proteolysis and we document the fact that various DJ-1 mutations could lead to PD pathology through distinct molecular mechanisms.
Parkinson's disease (PD) is a movement disorder, the incidence of which increases sharply with age. It is characterized by a massive loss of dopaminergic neurons of the substantia nigra pars compacta and the presence of intracytoplasmic inclusions named Lewy bodies. Most of PD cases are of sporadic origin but about five percent of them are of genetic origin and are either associated to an autosomaldominant or recessive mode of transmission. The latter forms of the disease are usually associated to an early onset (o50 years old) and are linked to mutations in the genes of parkin, PINK-1 and DJ-1. 1 DJ-1 is implicated in approximately 1-2% of recessive forms of PD 2, 3 and is a ubiquitous highly conserved protein that is normally expressed in the brain as a homodimeric complex. 4 To our knowledge, to date, only two DJ-1 mutations corresponding to a deletion of exons 1-5 and a point mutation that converts the leucine residue in position 166 into a proline (referred to as L166P-DJ-1 hereafter), have been identified in a Dutch and an Italian family, respectively. That these DJ-1 mutations triggered a drastic decrease in DJ-1 levels suggested that these familial cases were likely because of a loss of stability of DJ-1. In apparent contradiction with these conclusions, recently, a heterozygous DJ-1 mutation (D149A) was reported to lead to early-onset PD whereas DJ-1 appeared catabolically stabilized. 2, 5 Little is known about the physiological function of DJ-1 and the mechanisms by which DJ-1 mutations lead to PD although invalidation of DJ-1 clearly established dopaminergic deficits and hypokinesia. 6 A few functional studies indicated that as a member of the ThiJ/PfpI family, DJ-1 could act as a molecular chaperone. 7 It has also been suggested that DJ-1 may possess RNA-binding properties 8 and may lead to transcriptional activation through the interaction with PIASx 9 that is a ubiquitin ligase involved in the process of sumoylation of several proteins. 10 It should be noted that DJ-1 itself is sumoylated, suggesting a role of this protein in cell signaling. 11 Several lines of evidence also indicate that DJ-1 may act as an oxidative stress sensor. Thus, it has been demonstrated that the cysteine 106 of DJ-1 is essential for its acidic PI shift in oxidative stress conditions. 12, 13 Of most interest, the antioxidant properties of DJ-1 are associated with its ability to trigger neuroprotection. 14 The mechanisms by which DJ-1 elicits neuroprotection are far from being elucidated. Here, we show that the overexpression of DJ-1 in neuronal and dopaminergic cells elicits a p53-dependent protective response against various PD and non-PD-associated stimuli. Thus, cells overexpressing wildtype DJ-1 display decreased p53 expression, promoter transactivation and mRNA levels by an Akt-dependent signaling whereas conversely, DJ-1 depletion triggers an upregulation of the p53 pathway in both cellular and knockout animal models. Functional comparison studies between L166P-DJ-1 and D149A-DJ-1 indicate that both mutations abolish DJ-1-associated control of p53. However, L166P-DJ-1 and D149A-DJ-1 display distinct susceptibility to caspase-6. Thus, unlike L166P, the D149A mutation fully blocks DJ-1 cleavage by recombinant caspase-6. This proteolytic resistance fully explains the loss of function of DJ-1 because we show that the C-terminal fragment of DJ-1 derived from its cleavage by caspase-6 totally accounts for the DJ-1-mediated protective function. Interestingly, we show that the levels of DJ-1 and caspase-6 are inversely correlated in human brain samples derived from sporadic PD patients, suggesting a role of caspase-6 in the physiological control of DJ-1 brain levels and its loss of function in the pathology. Overall, this is the first demonstration of the selective implication of caspase-6 in the proteolysis of DJ-1 and that the blockade of this process is likely responsible for a subset of autosomal recessive early onset PD cases.
Results
PD-associated mutations abolish the protective phenotype of DJ-1 in mouse and human neuronal cells. We have obtained stable transfectants overexpressing wild-type DJ-1 (WT-DJ), D149A-DJ-1 (149DJ) and L166P-DJ-1 (166DJ) in TSM1 neurons. The WTDJ and 149DJ clones chosen for experiments express similar DJ-1 protein (Figure 1a , upper) and mRNA levels (Figure 1a, lower) . Although similar mRNA levels were observed for 166DJ-1 ( Figure 1a lower) reflecting equivalent transfection efficiencies, only longer exposure of SDS-polyacrylamide gel electrophoresis (PAGE) analysis allowed to visualize the V5-tagged protein, confirming the previously reported catabolic instability of L166P-DJ-1. 15 To (a) TSM1 cells were stably transfected with the indicated cDNA then V5-tagged DJ-1, endogenous DJ-1 and actin expressions (a, upper panel) and mRNA levels (a, lower panel) were analyzed by western blot and real-time PCR, respectively as described in the 'Materials and Methods'. Bars correspond to mRNA levels expressed in arbitrary units and are the means ± S.E.M of three independent experiments performed in triplicates. (b, c) The indicated TSM1 cell lines were treated for 8 h with vehicle (empty bars) or with 6OHDA (0.2 mM, black bars) then caspase-3 activity (b) and poly-ADP-ribose polymerase cleavage (c) were analyzed as described in the 'Materials and Methods'. Bars in b and c are the means ± S.E.M of 10 and three independent experiments performed in duplicates, respectively. *Po0.05; ***Po0.001, ns, not statistically significant. PARP ratio corresponds to PARP product over PARP precursor expressions. (d, e) SH-SY5Y human neuroblastoma cells were transiently transfected with the indicated cDNAs. Twentyfour hours after transfection, cells were treated for 8 h without (empty bars) or with 6OHDA (0.2 mM, black bars) then caspase-3 activity (d) and Tunel-positive cells (e) were monitored as described in the 'Materials and Methods'. Bars in d correspond to caspase-3 activity expressed as percent of control (untreated mock-transfected cells) and are the means ± S.E.M of 4-5 independent experiments performed in duplicates. *Po0.05; **Po0.01; ***Po0,001, ns, not statistically significant. Bars in E correspond to tunelpositive cells and are the means±S.E.M. of 8-10 independent fields evaluate the ability of DJ-1 and its mutated congeners to control cell death, we have challenged the cells with 6-hydroxydopamine (6OHDA), a natural toxin frequently used to mimic PD in cellular and animal models. 16 Figure 1b shows that 6OHDA strongly activates caspase-3 in mocktransfected neurons. Clearly, WT-DJ-1 drastically reduces 6OHDA-stimulated caspase-3 activation whereas L166P and D149A mutations abrogate this phenotype. These results were further confirmed by the analysis of the cleavage of poly-ADP-ribose polymerase (PARP), a physiological substrate of caspase-3 that is cleaved and inactivated during apoptosis. 17 As expected, 6OHDA lowers PARP precursor expression and increases its proteolytic product in mock-transfected cells (Figure 1c) . The quantification analysis (Figure 1c) indicates that WT-DJ-1 reduces PARP cleavage of 40% and thus confirms that WT-DJ-1 but not its mutants protects TSM1 cells from 6OHDA-induced caspase-3 activation. This phenotype is not cell-specific. Thus, in human SH-SY5Y neuroblastoma cells, which are considered as one of the most relevant dopaminergic cell model, the overexpression of WT-DJ-1 reduces cellular responsiveness to 6OHDA (Figure 1d ) and staurosporine (STS) (not shown) whereas both DJ-1 mutations abolished this phenotype (Figure 1d ). That DJ-1-associated reduction of caspase-3 activation indeed reflected decreased cell death was confirmed by TUNEL analysis in SH-SY5Y cells (Figure 1e ). Thus, overexpression of WT-DJ-1 triggers a drastic decrease of DNA fragmentation. Here again, DJ-1 mutants did not modify 6OHDA-associated cell death (Figure 1e ).
Wild-type but not mutated DJ-1 downregulates p53 at both transcriptional and post-transcriptional levels. We have analyzed the potential of WT-DJ-1 and its mutants as modulators of the p53 pathway. By means of a construct in which the consensus site targeted by p53 is in frame with the luciferase reporter gene (PG13), we show that WT-DJ-1 reduces by about 50% the transcriptional activity of p53 whereas both D149A and L166P mutations abolished this phenotype (PG13, Figure 2a , left panel). Accordingly, WT-DJ-1 but not mutated DJ-1 decreases p53 promoter transactivation (mpp53, Figure 2a , left panel) and mRNA levels ( Figure 2a , right panel). To establish whether the antiapoptotic phenotype of DJ-1 was fully dependent of p53, we took advantage of two cell models in which either p19 arf or p19 arf and p53 genes had been invalidated. The depletion of p19 arf avoids cell senescence and allows the analysis of the function of p53 in the control of cell death but not in that of cell cycle. 18 First, it must be noted that both p19 arfÀ/À and p19 arfÀ/À p53 À/À fibroblasts respond to STS and 6OHDA by an activation of their endogenous caspase-3 although to a lesser extent in the latter cell system (Figure 2b We examined the mechanisms by which DJ-1 could control p53. Several putative upstream p53 modulators including the PI3 kinase/Akt and extracellular-regulated kinases have been described. Thus, the Akt survival pathway was shown to downregulate p53 19, 20 by triggering its Mdm2-mediated ubiquitination and subsequent proteasomal degradation 21, 22 whereas ERK belongs to the mitogen-activated protein kinases superfamily that targets p53. 23 Figure 3a (histogram) shows that the Akt inhibitor LY294002 fully impairs the DJ-1-associated protection against 6OHDA in SH-SY5Y neuroblastoma cells. As expected, LY294002 triggers an augmentation of p53 activity, the extent of which was fully abolished by DJ-1. (Figure 3b) . Conversely, ERK-1 deficiency does not affect the DJ-1-associated phenotype in fibroblasts (Figure 3c ). This data clearly suggests that the Akt but not the ERK-survival pathway was mainly involved in the DJ-1-associated protective function. Two lines of data led us to examine whether NF-kB could mediate DJ-1-associated Aktdependent regulation of p53. First, two recent studies indicated that there could exist an Akt-dependent phosphorylation of the IkB-kinase that ultimately led to NF-kB activation. 24, 25 Second, it was recently shown that several cell systems inhibit p53 activity and enhance cell survival by an Akt-dependent activation of NF-kB. 26 In this context, we examined whether the pharmacological targeting of the NF-kB pathway could influence DJ-1-associated function. Supplementary Figure 1 shows that the IkB-kinase inhibitor BMS-345541 does not affect the DJ-1-associated reduction of 6OHDA-induced caspase-3 activation. Overall, the above data show that DJ-1 modulates p53 by an Akt-dependent but ERK-and NFkB-independent pathway.
That DJ-1 protective function was totally blocked by LY294002 clearly suggested a fully post-transcriptional control of p53 by Akt but was, at first sight, difficult to reconcile with our observation that DJ-1 also downregulated p53 promoter transactivation. One explanation could be that the post-transcriptional Akt-dependent modulation of p53 could subsequently trigger a decrease of p53 promoter transactivation by p53 itself. To examine this possibility, we have transfected p53 and p53 promoter cDNAs in p19
fibroblasts. In this cell system lacking endogenous p53, any putative activation of p53 promoter could only derive from the functional interaction between transfected p53 and p53 promoter. Indeed, Figure 3d shows that p53 overexpression activates its own promoter transactivation in p19
fibroblasts.
To investigate if the modulation of p53 by DJ-1 was also linked to additional post-transcriptional events, we have analyzed the ability of DJ-1 to affect the cellular localization of p53. As shown in Figure 2c , the overexpression of WT-DJ-1 increases p53-like immunoreactivity into the cytosol and prevents its nuclear localization, whereas both DJ-1 mutations exacerbate p53 nuclear expression. The export of p53 from nucleus to the cytosol is considered as an inactivating process because it enables p53 ubiquitination by Mdm2 and subsequent degradation by the proteasome. 27 That WT-DJ-1 apparently increased cytosolic localization of p53 could be the consequence of the previously documented chaperoning (Figure 4b ). DJ-1-deficient fibroblasts also show increased p53 transcriptional activity and mRNA levels ( Figure 4c ). p21 is a well known p53 gene target that is implicated in cell cycle control.
29 p21 promoter sequence in frame with luciferase was therefore used as an alternative readout of p53 transcriptional activity. As expected, DJ-1 depletion increases the transcription of p21 promoter (Figure 4c ). Interestingly, brain samples derived from DJ-1-deficient mice Figure 2c) . Therefore intriguingly, L166P and D149A DJ-1 mutations both lead to a loss of function of p53-dependent control of cell death by DJ-1 in spite of showing clearly distinct catabolic fates. If it appeared reasonable to propose that the L166P-DJ-1-associated loss of function reflects the low levels of the proteins undergoing rapid proteolysis, such exacerbated instability could clearly not account for the loss of function associated to the degradation-resistant D149A-DJ-1. Interestingly, in silico analysis of the human DJ-1 sequence revealed that this protein harbored two putative caspase-6 consensus domains in positions 149 (VEKD 149 ) and 60 (SLED 60 , see Figure 5a ). It is well recognized that the aspartyl (D) residue embedded in these consensus sequences is a crucial structural element strictly required for recognition/catalysis of proteins targeted by caspases. 31 Therefore, the pathogenic D149A mutation described above potentially impairs a caspase-6 cleavage site of DJ-1. In this context, we designed by site-directed mutagenesis a series of constructs either bearing single, double or triple mutations (see nomenclature in Supplementary Table 1 ) and we analyzed the susceptibility of the corresponding proteins to proteolysis by various recombinant caspases. Figure 5b shows that WT-DJ-1, D60A-DJ-1 and L166P-DJ-1 behaved as substrates of caspase-6 but not caspases 3 and 7. Interestingly, D149A- arfÀ/À and p19 arfÀ/À/ p53 À/À fibroblasts were transiently co-transfected with the mouse p53 promoter in combination with either empty pcDNA 3 or p53 cDNA. p53 promoter transactivation was monitored as described in the 'Experimental Procedure'. Bars correspond to the means ± S.E.M of five independent experiments. ***Po0.001. AU, arbitrary Units DJ-1 fully resisted proteolysis by caspase-6 (Figure 5b ) whereas the L166P mutation apparently enhanced DJ-1 susceptibility to recombinant caspase-6 (Supplementary Figure 2b) . Analysis of double and triple mutations (tmut) confirmed that the alanine substitution at position 149 fully blocked the cleavages of 60/149DJ, 149/166DJ and tmutDJ by caspase-6, whereas 60/166 remained cleaved by recombinant caspase-6 ( Figure 5c ). These data show that DJ-1 is cleaved by caspase-6 at only one out of the two putative caspase-6 consensus sequences located at positions 146-149.
The caspase-6-derived C-terminal product of DJ-1 accounts for DJ-1-associated protective phenotype. A question remained as to whether the loss of function triggered by the D149A mutation could be fully due to the impairment of DJ-1 proteolysis by caspase-6. If true, one would predict that one of the caspase-6-derived proteolytic fragments of DJ-1 should bear its protective function. We have designed, by site-directed mutagenesis, the N-terminal (N-Cas) and C-terminal (WTC-Cas) fragments of WT-DJ-1 theoretically derived from its cleavage after residue 149. Furthermore, we have obtained the caspase-6-derived fragment of L166P-DJ-1 referred to as 166C-Cas (see Supplementary Table 1 ). Figure 6a shows the expression profile of the proteins derived from these constructs after transient transfection in human embryonic kidney 293 cells (HEK293) cells. In agreement with previous considerations, we observed a rather poor expression of 166C-Cas (Figure 6a) . This prompted us to analyze 166C-Cas mRNA levels to rule out the possibility that distinct transfection efficiencies could interfere with interpretation of the data. Figure 6b shows that mRNA levels were similar in all transfection experiments. Therefore, the L166P mutation indeed drastically enhances the catabolic instability of both entire and C-terminal fragments. It should be emphasized that the WTC-Cas fragment was also recovered at lower levels than the N-terminal counterpart (Figure 6a) , suggesting that the stability of DJ-1 was clearly conditioned by its C-terminal moiety. This agrees well with the fact that DJ-1 homodimerization was reported to occur through the association of the C-terminal part of the proteins and that the L166P impairs such association. 15 Figure 6c shows that transient transfection of HEK293 cells with the WTC-Cas cDNA triggers a drastic reduction of caspase-3 activity in non-stimulated conditions (empty bars) as well as in STS-(gray bars) or 6OHDA-(black bars) stimulated conditions whereas N-Cas remained totally inactive. Interestingly, the WTC-Cas-mediated response was abolished by the L166P mutation (Figure 6c ). This phenotype was further confirmed by the analysis of the levels of active caspase-3 in the same transfected samples (Figure 6d) . Thus, WTC-Cas also triggers a significant reduction of the number of tunel-positive apoptotic nuclei (Supplementary Figure 4) . Of most interest, WTC-Cas was also the only fragment of DJ-1 able to lower p53 transcriptional activity (Figure 6e ). Of importance, the protective effect associated to DJ-1 and WTC-cas was also observed in primary cultured neurons (Figure 6f) . We confirmed the protective function harbored by the WTC-Cas by complementation experiments in DJ-1- Figure 6g illustrates the influence of WTDJ, N-Cas, WTC-Cas and 166C-Cas after transient transfection of DJ-1 À/À fibroblasts. We show that only WTDJ and its caspase-6-derived fragment WTC-Cas similarly reduced caspase-3 activation whereas N-Cas and 166C-Cas remained biologically inactive. Overall, our data show that the caspase-6-derived C-terminal product of DJ-1 fully accounts for the protective phenotype elicited by DJ-1. We have examined whether 6OHDA could increase caspase-6 activity and, subsequent to this activation, whether an enhanced production of endogenous WTC-Cas could be evidenced. Supplementary Figure 5 shows that there exists both constitutive and 6OHDA-stimulated caspase-6 activity that can be prevented by the selective caspase-6 inhibitor NAcetyl-Val-Glu-Ile-Asp-al (Ac-VEID-CHO) ( Supplementary  Figure 5a) . Interestingly, we were able to precipitate WCTCas after 6OHDA stimulation in SH-SY5Y cells, the production of which was fully prevented by Ac-VEID-CHO (Supplementary Figure 5b) . Furthermore, by mass spectroscopy analysis (Supplementary Figure 5) we showed that 6OHDA increases the recovery of a product corresponding to the expected WTC-Cas mass (Supplementary Figure 5c , lower panel, inset) that was absent in vehicle-treated samples (Supplementary Figure 5c, upper panel, inset) . It should be noted that both approaches show that endogenous levels of WTC-Cas are relatively weak, agreeing well with our demonstration of its catabolic instability (see Figure 6a) . Altogether, these data suggest that in experimental conditions mimicking PD pathology, caspase-6 could be activated, thereby increasing the cleavage of endogenous DJ-1 and subsequent production of WTC-Cas product.
Altered processing of DJ-1 in sporadic PD brains. To examine whether our cellular data could be extrapolated to a pathological context, we analyzed the levels of DJ-1 and caspase-6 in human brains obtained from control and sporadic PD patients. As depicted in Figure 7a ,b, the levels of caspase-6 and DJ-1 appeared inversely correlated in normal and PD-affected brains, suggesting that increased expression of caspase-6 activity could explain the slight but statistically significant reduction of DJ-1 levels observed in pathological brains.
Discussion
Several studies have consistently documented a protective role of DJ-1 against various pro-apoptotic effectors or stressinducing agents 32 but the mechanisms underlying such function still remained barely known. Here, we show that the overexpression of DJ-1 lowers STS-and 6OHDA-induced caspase-3 activation via a reduction of p53 expression and activity in various cell systems including primary cultured neurons, TSM1 neurons, SH-SY5Y neuroblastoma, HEK293 cells and mouse fibroblasts. Of most importance, the depletion of endogenous DJ-1 triggers an opposite phenotype that can be rescued by complementation of these cells with the wild-type DJ-1 construct. To our knowledge, this is the first demonstration that DJ-1 reduces the p53 pathway in human and neuronal cells in response to various stimuli, including 6OHDA, a naturally occurring toxic dopaminergic by-product. 33 These data agree well with another work showing that DJ-1 depletion triggers increased Bax and p53 expressions in the zebrafish. 34 Two distinct lines of data indicate that the DJ-1-associated phenotype is fully dependent of p53 and involves posttranscriptional control of this tumor suppressor. First, DJ-1-associated protective function is fully abolished by p53 deficiency. Second, DJ-1 controls p53 by activating Aktdependent and Erk and NFkB-independent pathways and by triggering its sequestration within the cytosol. These data agree well with a previous study documenting the fact that downregulation of DJ-1 levels by siRNA targeting approaches lead to reduced Akt phosphorylation, in vivo. 35 Interestingly, DJ-1 also lowers p53 promoter transactivation. This appeared paradoxical with respect to our data showing that the pharmacological blockade of the Akt pathway fully prevents DJ-1-associated phenotype. However, in agreement with previous data, 36 our demonstration that p53 could activate its own transcription in fibroblasts (Figure 3c ) suggests that this phenomenon could likely account for DJ-1-induced decrease of p53 promoter transactivation.
Although most of the cases of PD are of sporadic origin, it remains that the delineation of the molecular dysfunctions responsible for a rather low subset of genetic cases should help in understanding PD pathogenesis. To date, only one deletion and one point mutation in the gene of DJ-1 have been reported in two distinct families. In the latter case, the replacement of a leucine residue in position 166 by a proline introduces a strong helix breaking element that precludes DJ-1 homodimerization, 15 increases catabolic instability and thereby, impairs its biological activity. More recently, another mutation that replaces an aspartyl residue in position 149 by an alanine was reported to trigger early-onset PD although the family history is not yet available to ascertain that transmission of this mutation results from a recessive transmission. At a macroscopic level, the two DJ-1 mutations led to similar impairment of DJ-1-mediated antiapoptotic phenotype. Thus, both L166P and D149A mutations abolish DJ-1-induced reduction of STS-and 6OHDA-stimulated caspase-3 activity and were unable to rescue DJ-1 phenotype in complementation experiments performed in DJ-1-deficient fibroblasts. On the other hand, it clearly appeared that unlike D149A-DJ-1 that behaves as the parent protein, L166P-DJ-1 displayed a remarkable short life in our cells. The above observations suggested that mutations at residues 149 and 166 similarly impair DJ-1 protective function through distinct mechanisms.
The fact that an aspartyl residue substitution was apparently responsible for DJ-1 dysfunction led us to envision that the D149A mutation could have prevented DJ-1 catabolism by either aspartyl proteases or cystein caspase-like activities. Indeed, in silico analysis of DJ-1 sequence identified two consensus sites for caspase-6 activity corresponding to SLED and VEKD tetrapeptides where aspartyl residues were in positions 60 and 149, respectively. Thus, we envisioned the possibility that the D149A mutation could impair DJ-1 proteolysis and, as a corollary, that such resistance to caspase-6-mediated cleavage could be responsible for the loss of function triggered by the mutation. Five distinct lines of evidence support this hypothesis. First, DJ-1 was readily proteolysed by recombinant caspase-6 but not caspases-3 and -7. Second, the D149A but not the D60A mutation fully impaired DJ-1 cleavage by caspase-6. Third, the C-terminal fragment of DJ-1 (WTC-Cas) that would theoretically derive from its processing by caspase-6 at site 149 mimics DJ-1 phenotype, reduces STS-and 6OHDA-stimulated caspase-3 activity and lowers p53 transcriptional activity. Fourth, WTCCas fully rescues DJ-1 phenotype after complementation experiments in DJ-1-deficient fibroblasts. Fifth, endogenous WTC-Cas is produced upon 6OHDA challenge and this generation is prevented by the caspase-6 inhibitor Ac-VEID-CHO. Altogether, these data show that the C-terminal moiety of DJ-1 corresponding to WTC-Cas is responsible for DJ-1-associated protective phenotype and that this function is abolished by the D149A mutation that impairs caspase-6-mediated cleavage of DJ-1. Thus, our study is the first demonstration that DJ-1 antiapoptotic function is controlled by its proteolysis by caspase-6. It is interesting to note that synphilin-1, a physiological partner of a-synuclein 37 also undergoes caspase-mediated biological maturation. Thus, we established recently that synphilin-1 is readily targeted by caspase-3 and poorly processed by caspases-6 and -7. 38 Interestingly, the C-terminal fragment of synphilin-1 generated by caspase-3 harbored a protective function by controlling the p53-dependent pathway. 38 Overall, these data and our present work reinforced the current view that the p53-dependent cell death could be a central process in PD pathology 39, 40 but also unmask the crucial involvement of caspase-dependent proteolytic events in the function of PD-associated proteins and suggest that distinct caspases could be specifically involved in the physiological maturation of these proteins. On the other hand, caspase-mediated cleavages could be seen as inactivating mechanisms. Thus, parkin undergoes proteolysis by caspases 1 and 8 41 leading to an impairment of its ubiquitin-like domain (UBL). This process inactivates the parkin-associated E3-ligase activity that controls the levels of ubiquitinated CDCrel-1 and Pael-R 42, 43 and therefore its subsequent proteasomal degradation. Overall, the above studies along with our present work reveal the crucial involvement of caspase-dependent proteolytic events in the function of PDassociated proteins and suggest that distinct caspases could be specifically involved in the physiological maturation and/or inactivation of these proteins.
Our study is also the very first report showing that various pathogenic mutations could trigger DJ-1 loss of function via totally distinct molecular mechanisms, that is, protein destabilization or resistance to caspase-6-mediated proteolysis (see Figure 8 ). In line with our data, a recent study also indicates that parkin mutations impair its E3-ligase activity by triggering either misfolding or destabilization of the protein. Figure 8 Model of DJ-1-associated cell protection and its alteration by pathogenic mutations. Caspase-6 activation by a cellular stress triggered by staurosporine or the natural dopaminergic toxin 6OHDA increases caspase-6-mediated cleavage of wild-type DJ-1, thereby generating a C-terminal DJ-1 fragment that activates Akt, reduces p53 activity and therefore acts as a protective cellular signal (blue pathway). Mutation of DJ-1 at amino-acid 149 prevents its cleavage by caspase-6. A DJ-1 mutation at position 166 destabilizes DJ-1 and renders the protein prone to rapid degradation. Both mutations trigger a loss of function of DJ-1 and abolish DJ-1-mediated control of p53 (red pathway). Therefore, various mutations of DJ-1 can be likely responsible for Parkinson's disease pathology via distinct molecular dysfunctions
Caspase-6 regulates DJ-1 protective function E Giaime et al parkin compromises its ability to protect cells against ceramide-induced toxicity. 45 Of most interest, we have established that the levels of endogenous caspase-6 in normal and sporadic PD were inversely correlated (see Figure 7 ). This strongly corroborates our view that caspase-6 is indeed a physiological modulator of endogenous DJ-1 levels in human brain and agrees well with our data showing that the dopaminergic toxin 6OHDA increases cellular caspase-6 activity and enhances the cleavage of endogenous DJ-1 and production of its C-terminal catabolite WTC-Cas. Therefore, one could envision that the increased caspase-6 expression observed in sporadic PD could be seen as a putative compensatory mechanism aimed at interfering with the PD-associated degenerative process. According to our data and together with the above-cited previous reports, it is tempting to suggest that pathogenic mutations differently affecting caspase-6-mediated proteolysis of DJ-1 could lead to distinct disease onsets and phenotypes as it was observed for Parkinson's disease patients harboring distinct parkin mutations. ). An additional HindIII restriction site was also added, adjacent to the ATG codon, for further subcloning of the construction in pcDNA3.1/V5/His-TOPO.
Cell systems and transfections. Telencephalon-specific mouse 1 (TSM1), HEK293, SH-SY5Y human neuroblastoma cells and mouse embryonic fibroblasts (MEF) were cultured in Dulbecco's media supplemented with 10% fetal bovine serum. Stable transfectants expressing empty vector, wild-type and mutated DJ-1 in TSM1 cells were obtained after transfection with 2 mg of each cDNA (all in pcDNA3) by means of Lipofectamine according to the manufacturer's conditions. Positive clones were screened for their DJ-1-like immunoreactivity and mRNA levels as described below. Transient transfections of SH-SY5Y, DJ-1 knockout MEF cells,
Arf -deficient and p19 Arf /p53 double knockout MEF cells 46 and ERK-1 knockout MEF cells 47 were carried by means of either lipofectamine reagent or Nucleofector kit according to the manufacturer's instructions (Amaxa Biosystems, Koeln, Germany) as previously described. 48 Tunel analysis of cell death. SH-SY5Y human neuroblastoma cells were transfected with empty pcDNA3 vector or different DJ-1 cDNAs by means of the Lipofectamine reagent according to the manufacturer's conditions and cultured in polylysinated cover-slips. Twenty-four hours after transfection, cells were treated with or without 6OHDA (0.2 mM, 8 h) then fixed for 30 min with 4% paraformaldehyde, rinsed in PBS, permeabilized overnight with 70% ethanol and then processed for the dUTP nick-end labeling (Tunel) technique as described previously. 49 Staining was assessed with peroxidase-conjugated antibody and revealed with a diaminobenzidine substrate as described. 49 Fragmented DNA labeling corresponds to black spots. The visualization of the totality of the cells was carried out with erythrosin B.
Primary cultures of neurons. Embryonic cortical neurons were prepared as previously described (Vincent et al., 1996) . Briefly, cells from cerebral hemispheres of C57B mouse embryos (E14 stage) were dissociated in Ham's F12 (Fisher Bioblock Scientific, Illkirch, France), supplemented with 0.6% glucose and 10% fetal calf serum. A total of 5 Â 10 6 cells were transfected with 3 mg of each cDNA (all in pcDNA3) by using a Mouse Neuron Nucleofector kit according to the manufacturer's instructions (Amaxa Biosystems, Koeln, Germany) and were seeded in 12-well plates pre-coated with 10 mg/ml polylysine (Sigma).
Western blot analyses. Cells were homogenized in lysis buffer 10 mM TrisHCl pH7.5, containing 150 mM NaCl, 0.5%, Triton X-100, 0.5% deoxycholate and 5 mM EDTA and resolved on 12% SDS-PAGE for the analysis of wild-type and mutated tagged-DJ-1, endogenous DJ-1, total p53 and active caspase-3 or on 8% SDS-PAGE for the detection of PARP. For analysis of the immunoreactivities of the N-and C-terminal fragments of DJ-1, proteins were separated on 16.5% Tris/tricine gels. After electrophoresis, proteins were wet transferred to nitrocellulose membranes and incubated overnight with the adequate primary antibodies (see above). Protein immunoreactivities were revealed with either an anti-rabbit peroxidase or an anti-mouse peroxidase (Jackson Immunoresearch, Cambridgeshire, UK) by the electrochemiluminescence method as previously reported. 50 Chemiluminescence was recorded using a luminescence image analyzer LAS-3000 (Raytest, Courbevoie, France), and quantification of captured images was performed using the Aida Image Analyzer software (Raytest).
In Vitro transcription/translation of wild-type and mutated DJ-1 and cleavage by recombinant caspase-3, -6 and -7 in a cell-free system. Wild-type and mutated DJ-1 were transcribed and translated by means of the Promega (Charbonnieres, France) TNT-coupled reticulocyte lysate system 51 in the presence of radiolabeled methionine (ICN) as described. 38 Briefly, recombinant caspases-3, -6, or -7 (25 ng, Sigma) were incubated for 16 h at 371C with 2 ml of reticulocyte lysates in 50 ml of 25 mM HEPES (4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid) buffer pH 7.5 containing 0.1% CHAPS ((3-[(3-cholamidopropyl)dimetylammonio]-1-propanesulfonate)) and 5 mM dithiothreitol. In a subset of experiments, the caspase inhibitor Acetyl-AspartylGlutamyl-Valine-Aspartyl-aldehyde (10 mM) was preincubated with caspases before the addition of the reticulocyte lysates. Proteins were then electrophoresed on 12% PAGE and autoradiographed using Amersham Biosciences hyperfilms.
Caspase-3 activity measurements. Cells were grown in 6-well plates and incubated without or with STS or 6-hydroxydopamine (6OHDA) for various time and concentrations. In some cases, cells were pre-treated or not for 30 min with LY294002 (10 mM). Caspase-3-like activity was fluorimetrically measured as extensively detailed. 52 Real-time quantitative PCR. Total RNA from cells was extracted using the RNeasy kit following the instructions of the manufacturer (Qiagen, Hilden, Germany). After, DNase I treatment, 2 mg of total RNA was reverse-transcribed using oligo (dT) priming and avian myeloblastosis virus reverse transcriptase (Promega). Real-time PCR was performed in an ABI PRISM 5700 Sequence Detector System (Applied Biosystems, Foster City, CA, USA), using the SYBR Green detection protocol recommended by the manufacturer. Specific-gene primers were designed by means of the Primer Express software (Applied Biosystems) and are the following: mouse p53-specific primers: forward, 5
0 -TCCCATCACT TCACTCCTCC-3 0 and reverse, 5 0 -AAAAGGCAGCAGAAGGG-3 0 ; V5-specific primers for V5-tagged-DJ-1: forward, 5 0 -GCGGTTCGAAGGTAAGCCTA-3 0 and reverse, 5 0 -GCGGTAGAATCGAGACCGAG-3 0 ; mouse DJ-1-specific primers: forward, 5 0 -GGAGATGCAAAAACGCAGGG-3 0 and reverse, 5 0 -TCCTCCTGG AAG AACCACCA-3 0 . Relative expressions levels of p53, DJ-1 and V5-tagged-DJ-1 genes were normalized for RNA concentrations with the housekeeping gene mouse g-actin using the following primers: forward, 5 0 -CACCATCGGTTGTTAGTTGCC-3 0 , and reverse, 5
0 -CAG GTGTCGATGCAAACGTT-3 0 .
Semi-quantitative PCR analysis of N-Cas, WTC-Cas and 166C-Cas mRNA. One mg of total RNA obtained as above was used to amplify DJ-1 caspase-derived products by means of Access RT-PCR System kit (Promega) according to manufacturer conditions. The PCRs were performed with either V5-specific primers: forward, 5 0 -GCGGTTCGAAGGTAAGCCTA-3 0 and reverse, 5 0 -GCGGTAGAATCGAGACCGAG-3 0 or GAPDH (control housekeeper gene) forward, 5 0 -TGGGCTACACTGAGCACCAG-3 0 and reverse, 5 0 -CAG-CGTCAAAGGTGGA GGAG-3 0 . PCR products were analyzed on a 2% agarose gel stained with ethidium bromide.
p53 activity, expression and promoter transactivation. The p53 activity was measured by means of the two p53 reporter genes p21
wafÀ1 -luciferase and PG13-luciferase constructs 53 (provided by Dr B Vogelstein, Baltimore, MD, USA) as previously described. 50 The transcriptional activation of the human p53 promoter (hpp53) 54 was measured after transfection of the cDNA coding for the human p53 promoter sequence in frame with luciferase (provided by Dr M Oren, Rehovot, Israël) as previously described. 55 All activities were measured after cotransfection of the above cDNAs (0.5-1 mg) and b-galactosidase (0.25-0.5 mg) cDNA, to normalize transfection efficiencies (Promega, Madison, WI, USA). p53 immunoreactivity was analyzed by western blot using an anti-p53 mouse monoclonal antibody (1 : 5000 dilution) in nuclear extracts prepared as previously described for cytochrome c translocation experiments. 50 Coimmunoprecipitation experiments. Mouse Embryonic Fibroblasts were lysed in 10 mM Tris-HCl pH7.5 buffer containing 150 mM NaCl, 0.5% Triton X-100, 0.5% deoxycholate, 5 mM EDTA and a protease inhibitors cocktail (Sigma, P2714, according to manufacturer's conditions) gently homogenized and centrifuged at 14 000 r.p.m. to remove cellular debris. Coimmunoprecipitations of wild-type and mutated DJ-1 and p53 were performed using ExactaCruz IP/western blot kit following the manufacturer's instructions (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Samples were resolved on 12% SDS-PAGE and DJ-1 and p53 immunoreactivities were analyzed with the adequate primary (see antibodies and materials section) monoclonal or polyclonal antibodies.
Analysis of DJ-1 and p53 expression in mouse brain tissues. DJ-1 and caspase-6 knockout mice have been recently described. 6, 56, 57 All brain samples were homogenized with a Potter apparatus in 10 mM Tris-HCl pH7.5 buffer complemented with a protease inhibitor cocktail and resolved on 12% SDS-PAGE gels. DJ-1 and p53 immunoreactivities were detected as described above.
Normal and pathological human brain tissues. All human substantia nigra brain samples were obtained from the GIE Neuro-CEB network (La Pitié-Salpêtrière, Paris, France). These samples include four ALS patients (control non-PD-associated pathology): 1811 (male, 55 years old), 1821 (female, 68 years old), 1822 (male, 64 years old), 1823 (female, 62 years old), one sample from an aged matched healthy control patient 3659 (male, 61 years old), and five samples from PD patients: 3605 (male, 64 years old), 4489 (male, 75 years old), 4513 (female, 77 years old), 5193 (male, 75 years old) and 8460 (male, 66 years old). The mean postmortem delay was 21.8 ± 8.5 h. Samples were homogenized with a Potter apparatus in approximately 300 ml of lysis buffer 10 mM Tris-HCl pH7.5 containing a protease inhibitor cocktail (Sigma). Equal amounts of protein were then resolved on 12% SDS-PAGE gels and incubated overnight with anti-DJ-1, p53 and caspase-6 antibodies.
Statistical analysis. Statistical analyses were performed with PRISM software (GraphPad Software, San Diego, CA, USA) by using the NewmannKeuls multiple comparison tests for one-way analysis of variance or the unpaired Student's test for pairwise comparisons.
